INTRODUCTION
In the investigation of natural environments, including geothermal systems of high, medium and low temperature, geochemical data are of utmost importance for the reconstruction of the conceptual geochemical model. This task, representing the main objective of geothermal investigations, is achieved through the synthesis of results provided by different geochemical techniques, which have to be suitably selected and properly applied, in the light of the hydrogeological-geological framework of the system of interest. The study of the thermal area of Cassano Ionio (Terme Sibarite), which is the subject of this communication, has been undertaken following these general guidelines. In particular, owing to the presence of two different evaporite sequences, sulfur isotopes of gration of different methodological tools. It can be applied to other similar geological-hydrogeological frameworks in other areas of Italy and other countries.
GEOLOGICAL-HYDROGEOLOGICAL FRAMEWORK
The Meso-Cenozoic successions outcropping in the Pollino Massif and in the Coastal Chain belong to two distinct carbonate tectonic units (Iannace et al., 2005) : the lower one is named Pollino-Ciagola Unit (NorianLanghian), whereas the upper one is known as LungroVerbicaro Unit (Anisian-Lower Burdigalian). Evaporite levels of Upper Triassic age are present in both units.
Neogene-Quaternary deposits locally cover the two carbonate tectonic units. To the south of the studied area, the Neogene-Quaternary sequence comprises: (i) Miocene siliciclastic-carbonate deposits including Messinian evaporites (predominantly halite, gypsum and gypsumarenites) and (ii) a terrigenous Pliocene-Pleistocene succession (Fig. 1A) .
In the fault-bounded structural highs, such as the Coastal Chain, the Messinian evaporites are overthrusted by the carbonate tectonic units, along transpressive faults (Cotecchia et al., 1983 (Cotecchia et al., , 1988 Van Dijk et al., 2000) . In the Sibari plain, close to the study area, Messinian evaporites were encountered by exploration wells, but the few surface and subsurface data could not clarify the tectonic and geometric relationships between the Messinian deposits and the Mesozoic carbonates of the PollinoCiagola Unit.
The hydrogeological complex constituted by the Meso-Cenozoic carbonate successions represents the main aquifers of the study area, characterized by very high permeabilities (possibly up to 10 -3 m s -1 ; Freeze and Cherry, 1979) due to well-developed fracturing and karstification. Cold springs fed by these aquifers generally show average discharges from a few tens L s -1 to over 100 L s -1 (Fabbrocino and Perrone, 2009 ). The upper range of these flow rate values compares with the total flow rate of the Terme Sibarite springs, 130 L s -1 (Arena, 1978) .
Pumping tests data obtained by Fabbrocino and Perrone (2009) in a small zone of the carbonate aquifer adjacent to the investigated area highlight a high variability of the transmissivity values, between 1.4 × 10 -2 m 2 s -1 and 2.3 × 10 -5 m 2 s -1 . Such a large range of transmissivity indicates a strong heterogeneity of the carbonate hydrogeological complex, locally increased by tectonic effects. Faults and fractures significantly influence the groundwater flow pattern, both the downward Geochemistry of Terme Sibarite springs 119 infiltration of meteoric waters and the uprise of thermal waters, as already recognized by previous studies (Italiano et al., 2010 and references therein) .
FIELD SAMPLING AND LABORATORY ANALYSES
As mentioned in the introduction, water samples from 26 springs and 6 shallow wells (drilled for domestic use at depths of 50-70 m, codes A12, A16, A18, A24, A25 and A28) were collected in July to September 2009. The location of all the sampling points is shown in Fig. 1 . Temperature, pH, Eh and electrical conductivity (EC) were measured in the field by means of portable instruments. Two pH buffers, with nominal pH values of 4.01 and 7.01 at 25°C, were used for pH calibration at each sampling site. Total alkalinity was also determined in the field by acidimetric titration using HCl 0.1 N as titrating agent and methylorange as indicator.
Waters were filtered in situ through a 0.45 µm poresize membrane filter. Samples for the determination of anions were stored without further treatments. Samples for the determination of cations, SiO 2 , and traces were acidified, by addition of suprapure acid (1% HNO 3 ) after filtration, and stored. New polyethylene bottles were used for all the samples; they were left overnight in dilute HNO 3 and rinsed with Milli-Q demineralised water in the laboratory; in the field they were rinsed three times with small amounts of the aqueous solution to be stored. Blank solutions were prepared in the field using demineralized water and following the same procedure as for water samples.
In the laboratory, the concentrations of F -, Cl -, NO 3 -and SO 4 2-were determined by HPLC (DIONEX DX 120), whereas the concentrations of Na + , K + , Mg 2+ , Ca 2+ , SiO 2(aq) and some trace elements, were analysed by a quadrupole ICP-MS (Perkin Elmer/SCIEX, Elan DRCe) with collision reaction cell capable to reduce or avoid the formation of polyatomic spectral interferences. Data quality for major components was evaluated by charge balance. Deviation between the sum of concentrations of cations and the sum of concentrations of anions varies between -5 and +5%. Data quality for minor and trace elements was checked running the NIST1643e standard reference solution. Deviations from the certified concentrations were found to be lower than 5%. Results of laboratory analyses for major and minor components are given in Table 1 (together with field data and ancillary information), whereas those for trace constituents are reported in Table 2 .
The 34 S/ 32 S isotopic ratios of dissolved sulfate and sulfide were determined in 6 selected samples (A1, A18, A19, A28, A29, A31). To minimize the fractionation of sulfur isotopes, the approach of Truesdell and Hulston (1980) was followed for sample preparation. In the field, 1 kg of water was treated with 100 mL of ZnCl 2 1 M, to precipitate sulfide as ZnS. In the laboratory, solid ZnS was separated through filtration from the aqueous solution and the latter was heated and treated with BaCl 2 , to precipitate sulfate as BaSO 4 . The isotopic composition of ZnS and BaSO 4 was then measured in the Stable Isotope Unit, Institute of Material Science, National Center for Scientific Research "Demokritos" (Athens, Greece) on a Finnigan DELTA V plus (Thermo Electron Corporation, Bremen, Germany) stable isotope mass spectrometer. Results are reported in Table 3 in the standard delta notation as per-mil deviation from the standard V-CDT. Measurement precision, based on the repeated analysis of inhouse standards was found to be ±0.2‰ (1σ).
WATER CHEMISTRY

Water classification and mixing processes
Water chemistry is initially discussed by means of the triangular plots among major anionic and cationic constituents (Fig. 2) . Inspection of these diagrams shows that thermomineral waters have Ca-Mg-SO 4 to Ca-Mg-SO 4 -HCO 3 composition, whereas cold waters belong to the Ca-HCO 3 to Ca-Mg-HCO 3 facies.
Another useful parameter for water classification is Ionic Salinity or Total Ionic Salinity (TIS), representing the sum of the concentrations of major anions and cations, expressed in meq L -1 (Chiodini et al., 1991) . Iso-TIS lines are shown in the correlation graph of SO 4 2-vs. HCO 3 -+ Cl - (Fig. 3) , in which most thermomineral waters are found between the iso-TIS lines of 20 and 35 meq L -1 , whereas most cold waters are characterized by lower TIS, from 5 to 20 meq L -1 . However, the two cold samples A10 and A12 have TIS close to 40 meq L -1 . This anomalously high TIS value is due to addition of a NaCl component, probably of anthropogenic origin (see below).
All in all, these inferences suggest that: (i) Ca-HCO 3 to Ca-Mg-HCO 3 cold waters of low salinity derive their main chemical characteristics from dissolution of calcite and dolomite, which are present as clastic constituents in the Pliocene-Pleistocene deposits of the Crati Valley and Sibari Plain, and (ii) Ca-SO 4 to Ca-SO 4 -HCO 3 thermomineral waters of intermediate salinity interact with carbonate-evaporite rocks. At this stage of the discussion, it is not clear if the thermomineral water circuit is confined into the Upper Triassic sequence or if it extends into the underlying Messinian deposits (Cotecchia et al., 1983 (Cotecchia et al., , 1988 . Sulfur isotopes were used to reply this question (see later discussion).
Further evaluations are provided by the correlation plots of dissolved constituents against SO 4 , in which a mixing trend between a SO 4 -rich thermomineral component and a SO 4 -poor cold end-member is generally rec- Equations (1) to (3) were obtained neglecting the samples departing from the thermomineral water dilution line, due to either effects of other processes (e.g., mixing and precipitation of solid phases, see below) or analytical uncertainties affecting some previous data. Neglected samples are: (i) A19 and discordant literature data for SiO 2 (Fig. 4B) , (ii) A32 and discrepant previous data for K + (Fig. 5A ), (iii) A1 and A19 for Mg 2+ (Fig. 5B) . The com- 2+ concentrations of sample A19 may be controlled by addition of a cold water rich in these two dissolved components. The relatively low K + concentration of sample A32 could be due to precipitation of a K-bearing mineral (e.g., illite).
Elemental contents in thermomineral and cold waters and in carbonate rocks
Several sink-source processes may control the concentrations of dissolved elements in groundwaters. If water-rock interaction is the prevailing phenomenon, a positive correlation between the elemental contents in the rocks and the corresponding concentrations in the aqueous phase is expected (Allard, 1995) .
The cold and thermomineral waters of the Cassano Ionio area represent an interesting example to test these water-rock elemental relationships as they interact mainly with similar lithologies, namely carbonate and carbonate-evaporite rocks (see above). Since the mineral constituents of these rocks are characterized by fast to very fast dissolution rates (e.g., Marini, 2007 and references therein), the chemical imprinting acquired by waters leaching these lithotypes may mask both the effects of interaction with other rocks, containing minerals less prone to be dissolved. Owing to the lack of data for the local carbonate and carbonate-evaporite rocks, the average worldwide contents of carbonates given by Turekian and Wedepohl (1961) were taken as term of comparison in the diagram of Fig. 6 , in which the average elemental concentrations in cold and thermomineral waters (in ppm units) are plotted against the corresponding average elemental concentrations in rocks (in ppm units). Concentrations of the considered elements in cold and thermomineral waters were previously corrected subtracting the marine-atmospheric component initially present in the meteoric recharge, through the equation:
Fig. 4. Correlation plots of (A) SO
where C i,WR is the concentration of the i-th element attributable to water-rock interaction, C i,An is the analytical concentration of the i-th element, C i,SW is the concentration of the i-th element in average seawater (Nordstrom et al., 1979) , whereas C Cl,SW and C Cl,An are the concentrations of chloride in seawater and in each available water sample. As expected, a positive correlation is observed, with most elements situated between the lines labeled 1:100 and 1:10,000, indicating that average contents are 100 to 10,000 times less abundant in cold and thermomineral waters than in rocks for most elements. This spread of points confirms the pivotal role played by water-rock interaction in the mineralization of both cold and thermomineral waters.
The only exceptions are constituted by: (i) Na, which is positioned between the lines labeled 1:10 and 1:100, possibly due to underestimation of the Na concentration in the average carbonate rock; (ii) V, Fe, Mn, and Al, which are found between the lines labeled 1:10,000 and 1:1,000,000, owing to their incorporation in secondary oxy-hydroxides and/or adsorption onto these minerals, which limit their mobility, at least under oxidizing conditions (see below).
The points representative of cold and thermomineral waters are superimposed for most elements, apart from: (i) B, Li, Rb, K, Sr, Mn, Ni, and As, whose average contents in thermomineral waters are significantly higher than in cold waters, probably due to the longer residence time of water in the thermal reservoir with respect to the cold aquifer; (ii) consistent with most measured Eh values, the behavior of Mn probably reflects the presence of reducing conditions in the thermomineral waters, which stabilize the more soluble divalent species, and the occurrence of oxidizing redox conditions in the cold waters, determining the prevalence of the less soluble trivalent form.
GEOTHERMOMETRY
Based on water chemistry and the geologicalhydrogeological framework of the study area (see above), the geothermal reservoir feeding the Terme Sibarite and nearby thermomineral water discharges is expected to be hosted in carbonate-evaporite rocks. Consequently, the Ca-Mg and SO 4 -F geothermometers for medium-low temperature geothermal systems hosted in carbonateevaporite rocks (Chiodini et al., 1995) , the solubility of chalcedony (e.g., Fournier, 1973) and the K-Mg geothermometer (Giggenbach, 1988) can be tentatively used to obtain information on reservoir temperature. The SO 4 -F and Ca-Mg functions provide equilibrium temperatures higher than 100°C and close to 80°C, respectively, for the thermomineral water samples less affected by dilution (e.g., A32). These temperature values are unreasonably high in the geological-hydrogeological framework of the study area and are therefore rejected. In contrast, equilibrium temperatures close to 30°C are given by both the solubility of chalcedony and the K-Mg geothermometer, as shown in the SiO 2 vs. log(K 2 /Mg) diagram of Fig. 7 .
These indications can be refined applying the isochemical geothermometric mixing model of Chiodini et al. (1996) , that is inserting equations (1)- (3) Turekian and Wedepohl, 1961) .
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SiO 2 and K-Mg equilibrium temperatures for variable SO 4 concentrations. In this way, a full equilibrium reservoir temperature of 33°C is obtained for a reservoir SO 4 concentration of 650 mg L -1 .
δ δ δ δ δ 34 S VALUES OF DISSOLVED SULFATE AND SULFIDE
The Terme Sibarite and nearby thermomineral water discharges have δ 34 S values of dissolved sulfate ranging from +14.5 to +20.3‰ vs. V-CDT and δ 34 S values of dissolved sulfide in the interval -19.9 to +2‰ vs. V-CDT. In the geological-hydrogeological framework of the study area there are two possible sources of SO 4 -sulfur, constituted by: (i) the Upper Triassic evaporites, with average δ 34 S values of either +14.5‰ (σ = 0.7; N = 14; Marini et al., 1994) or +15.3‰ (with minimum of +10.9‰, maximum of +18.3‰, and N = 55; Nielsen et al., 1991) , and (ii) the Messinian marine sulfate minerals, with average δ 34 S value of +21.8‰, minimum of +20.9‰, and maximum of +23.9‰ (N = 9; Nielsen et al., 1991) . Although precipitated CaSO 4 might be enriched in 34 S with respect to dissolved sulfate of up to 1.65‰ units (Nielsen et al., 1991 and references therein) , no fractionation between solid and aqueous sulfate was assumed, following Ohmoto and Goldhaber (1997) and considering the uncertainties in the δ 34 S-age curve. Further evidence is provided by the diagram of δ 34 S values of dissolved sulfate vs. SO 4 2-concentration (Fig.  8) , in which a positive correlation (R 2 = 0.738; N = 6) between these two variables is observed. This suggests the occurrence of mixing between two sulfate sources, which are evidently activated through rock leaching performed by both cold waters and thermomineral waters, based on previous discussion. Local geology suggests that SO 4 2-of cold waters originates through dissolution of Upper Triassic marine sulfates, whereas two hypotheses can be proposed for the provenance of thermomineralwater-sulfate, either leaching of Messinian evaporites or dissolution of Upper Triassic rocks. In fact, geological reconstructions indicate that Messinian evaporites are probably present below the Upper Triassic carbonateevaporite rocks, in which the circulation of thermomineral waters develops, but it is not possible to establish if the thermal circuit is entirely hosted in the Triassic sequence or if it partly extends in the underlying Messinian evaporites. To try to solve this conundrum, the expected mixing lines have been drawn in Fig. 8 , assigning the δ 34 S values mentioned above to Upper Triassic and Messinian marine sulfates, whereas SO 4 2-concentrations of 39.7 and 650 mg L -1 were imposed to the cold end-member and the thermomineral component, respectively. The first Giggenbach et al., 1994) . Numbers along the theoretical grid indicate equilibrium temperatures in °C. value is the average SO 4 2-concentration of cold waters, while the second value was obtained in last section. It must be recalled that the δ 34 S values of a binary mixture made up of a thermomineral component and a cold endmember can be computed by means of the following equation (Faure, 1986) Subscripts M, T, and C identify the binary mixture, the thermomineral end-member and the cold component and x is the fraction of the thermomineral end-member in the mixture. Analytical data plot below the mixing line between a Messinian thermomineral component and an Upper Triassic cold end-member and above the mixing line between thermomineral waters and cold waters containing Upper Triassic sulfate. Consequently, the first model can be rejected, whereas the second requires the occurrence of a process causing the increase in the δ 34 S values of dissolved sulfate accompanied by a concurrent decrease of SO 4 2-concentration.
At temperatures lower than 50°C, the only known phenomenon producing these effects is Bacterial Sulfate Reduction (BSR, Ohmoto and Goldhaber, 1997) . The δ 34 S values of residual SO 4 2-are chiefly governed by: (i) the nature (kinetic vs. equilibrium) and magnitude of isotope fractionation and (ii) the open vs. closed behavior of the system with respect to H 2 S produced through BSR (Ohmoto and Goldhaber, 1997 2 − − fractionation related to BSR is generally in the interval of -15 to -60‰, whereas the corresponding equilibrium fractionation value is -75‰ at 25°C (Ohmoto and Goldhaber, 1997; Marini et al., 2011) Gurrieri et al., 1984) and the precipitation sampling stations of peninsular southern Italy (from Longinelli and Selmo, 2003 (Brownlee, 1960) .
ried out by means of the following equation (Valley, 1986; Marini et al., 2011) , assuming open-system sulfide separation, through either degassing or precipitation of sulfide minerals: 
where subscripts f and i refer to the final and initial states, respectively, F is the fraction of sulfate remaining in the system and α is the H 2 S-SO 4 2-fractionation factor. Equation (7) was used to compute the open-system, BSR trends expected for samples A29, A31, and A28. These trends cannot be established for samples A1 and A19 due to the lack of δ 34 S values for dissolved sulfide, but are expected to be similar to those obtained for the other three samples. The isotopic composition of the thermomineral water discharges of the Terme Sibarite was determined by Gurrieri et al. (1984) , who reported δ 18 O and δD values ranging from -8.5 to -9.0‰ vs. V-SMOW and from -56 to -50‰ vs. V-SMOW, respectively. These data are plotted in the classical diagram of δ 18 O vs. δD values (Fig. 9 ) together with the precipitation data for the sampling stations of peninsular southern Italy (Longinelli and Selmo, 2003) . Altogether these available data define the following local meteoric water line (N = 14; R 2 = 0.965; this work): 
The thermomineral water discharges of the Terme Sibarite are situated along this local meteoric water line indicating that the thermal circuit is fed by rain waters. Therefore, δ 18 O (and δD) values of the Terme Sibarite samples can be used to infer the infiltration altitude of the meteoric recharge, again based on the precipitation data of peninsular southern Italy (Longinelli and Selmo, 2003) . The elevation of the recharge area represents an useful datum for reconstructing the conceptual model of the geothermal system of interest. To carry out this exercise, δ
18 O values of rains were regressed against the elevation of the sampling station (H, expressed in m a.s.l.) obtaining the following equation (N = 9; R 2 = 0.599; this work):
with uncertainties of 558 m on the intercept and 85.7 m/ ‰ on the slope (Fig. 10) . It must be noted that the altitude-δ 18 O correlation is highly significant, since the p-level, 0.0144, is much lower than 0.05, which is usually taken as acceptable threshold (Brownlee, 1960) .
Referring to the upper and lower 95% confidence limits, the δ 18 O values of the Terme Sibarite samples indicate average infiltration altitudes of 950-1090 m a.s.l, with lower and upper 95% confidence limits of 500-550 and 1380-1590 m a.s.l., respectively. To interpret these data, it must be recalled that the study area is situated between the Pollino Massif to the north, with elevations about to 2000 m a.s.l, and the Crati Valley-Sibari plain to the south, with altitudes average of 300 m a.s.l. Consequently, the northern reliefs act as recharge area for the Terme Sibarite reservoir.
CONCEPTUAL MODEL AND CONCLUSIONS
Geological-hydrogeological constraints, water chemistry, and sulfur isotopes consistently indicate that the geothermal reservoir feeding the Terme Sibarite and nearby thermomineral water discharges is hosted in the carbonate-evaporite sequence of Upper Triassic age, known as Pollino Unit, which is present in the downthrown block to the south of the Pollino fault system, underneath the sandy and conglomerate sediments of Pliocene-Pleistocene age (Fig. 11) .
This geothermal reservoir is fed by precipitations infiltrating in the Pollino Massif, at average altitudes of 950-1090 m a.s.l, with lower and upper 95% confidence limits of 500-550 and 1380-1590 m a.s.l., respectively, as suggested by the δ 18 O values of water. Based on a shallow adiabatic geothermal gradient of 33°C km -1 (as generally assumed; e.g., Stein, 1995 and references therein), the average surface temperature of 13°C and the reservoir temperature of 33°C, it can be proposed that these meteoric waters descend to maximum depths of 600 m below the Sibari plain (300 m b.s.l.), where the thermal aquifer is situated. Circulating into this aquifer, waters attain thermal equilibrium with the carbonate-evaporite rocks, reaching the temperature suggested by the isochemical geothermometric mixing model involving chalcedony solubility and the K-Mg function. Then, the thermomineral waters experience a comparatively quick uprise towards the surface and a limited cooling, consistent with a maximum outlet temperature of 25.5°C, in line with their relatively high flow rates, in the order of 130 L s -1 as a whole.
